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The crystal structure of Cys-tRNACys–EF-Tu–GDPNP reveals
general and specific features in the ternary complex and in tRNA
Poul Nissen†, Søren Thirup, Morten Kjeldgaard and Jens Nyborg*
Background: The translation elongation factor EF-Tu in its GTP-bound state
forms a ternary complex with any aminoacylated tRNA (aa-tRNA), except initiator
tRNA and selenocysteinyl-tRNA. This complex delivers aa-tRNA to the ribosomal
A site during the elongation cycle of translation. The crystal structure of the yeast
Phe-tRNAPhe ternary complex with Thermus aquaticus EF-Tu–GDPNP (Phe-TC)
has previously been determined as one representative of this general yet highly
discriminating complex formation.
Results: The ternary complex of Escherichia coli Cys-tRNACys and T. aquaticus
EF-Tu–GDPNP (Cys-TC) has been solved and refined at 2.6 Å resolution.
Conserved and variable features of the aa-tRNA recognition and binding by
EF-Tu–GTP have been revealed by comparison with the Phe-TC structure.
New tertiary interactions are observed in the tRNACys structure. A ‘kissing
complex’ is observed in the very close crystal packing arrangement. 
Conclusions: The recognition of Cys-tRNACys by EF-Tu–GDPNP is restricted to
the aa-tRNA motif previously identified in Phe-TC and consists of the
aminoacylated 3′ end, the phosphorylated 5′ end and one side of the acceptor
stem and T stem. The aminoacyl bond is recognized somewhat differently, yet by
the same primary motif in EF-Tu, which suggests that EF-Tu adapts to subtle
variations in this moiety among all aa-tRNAs. New tertiary interactions revealed by
the Cys-tRNACys structure, such as a protonated C16:C59 pyrimidine pair, a
G15:G48 ‘Levitt pair’ and an s4U8:A14:A46 base triple add to the generic
understanding of tRNA structure from sequence. The structure of the ‘kissing
complex’ shows a quasicontinuous helix with a distinct shape determined by the
number of base pairs.
Introduction
The translational apparatus in any organism utilizes the
ternary complex of the GTP-binding elongation factor
EF-Tu (EF-1α in archaebacteria and eukaryotes) and
aminoacylated transfer RNA (aa-tRNA) for the delivery
of aa-tRNA to the ribosomal A site during the elongation
step of protein synthesis. Upon correct codon–anticodon
interaction, a GTPase activity is induced and leads to the
subsequent release of EF-Tu–GDP from the ribosome with
aa-tRNA remaining in the A site [1–3].
EF-Tu was the first protein to be identified as a GTP/
GDP-dependent protein, and it is probably the unique
ancestor of all G proteins given its central and highly con-
served role in translation. EF-Tu structures have been
determined in several functional states: intact and proteo-
lytically modified EF-Tu–GDP [4–6], intact EF-Tu acti-
vated by the nonhydrolyzable GTP analog GDPNP [7,8],
in complex with the nucleotide exchange factor EF-Ts
[9,10] and in ternary complex with GDPNP and Phe-
tRNAPhe [11]. Dramatic conformational changes have been
revealed as key features of the EF-Tu function, regulated
by GTP/GDP binding. An α to β structural change is
observed in the GTPase switch I region, and a reorientation
and sequence translocation of a helix take place in switch II.
Overall, a domain rearrangement corresponding to a 90°
rotation between domain 1 and the domains 2 + 3 take place
upon nucleotide exchange.
The general L shape of tRNA was identified by the
crystal structure of yeast tRNAPhe [12,13]. This L shape,
which yields a defined spatial separation of the aminoacyl
moiety and the anticodon triplet, plays a key role in tRNA
function as it is generally, but not exclusively, imposed by
the clover leaf diagram of the secondary structure [14].
Few other tRNA structures have been determined
[15,16], but more are emerging from complexes with
cognate aminoacyl-tRNA synthetases (aaRS), as pioneered
by the determination of the tRNAGln–GlnRS–ATP and
tRNAAsp–AspRS crystal structures [17,18].
In contrast to the aaRS family, EF-Tu–GTP will bind to
any aa-tRNA with nanomolar affinity (except initiator-tRNA
and selenocysteine-specific tRNA) and will discriminate
against deacylated tRNA [1,19]. Thus, the aminoacyl bond
and the conserved three-dimensional structure of tRNA are
the critical aspects in the ternary complex formation as well
as the GTP-bound conformation of EF-Tu. 
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Figure 1
Sequence alignments of the ternary complex
components. (a) Sequence alignment of
eubacterial EF-Tu sequences (T. aquaticus, E.
coli and B. subtilis), archaebacterial EF-1α
(S. sulfataricus and H. marismortui) and
eukaryotic EF-1α (yeast and human). Pink
areas highlight completely conserved residues
and tan areas represent regions of high
conservation. Black arrows mark positions
interacting with the T stem, white arrows mark
positions in contact with the aminoacyl group
and grey arrows mark positions in contact
with the acceptor stem. Below the
sequences, the α helices (red cylinders) and
β strands (green arrows) from the T. aquaticus
EF-Tu–GDPNP structure [8] are shown, and
the annotation of the secondary structure
elements agrees with those given in [11]. The
alignment was made with CLUSTALW [60]
and manually corrected, the figure was
prepared using the ALSCRIPT program [61].
(b) Alignment of tRNA sequences of yeast
tRNAPhe, E. coli tRNACys and E. coli tRNAGln
[24]. Except for dihydrouridine (D) and
pseudo-uridine (Ψ), all residues are
represented by the unmodified bases for
clarity. Deletions are marked with a dash,
base-paired stem regions are underlined and
the five segments of the typical clover leaf
diagram are separated by dots and by the line
shifts at positions 25 and 48.
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S.c. tRNAPhe  1 p5'  GCGGAUU  UA·  GCUC  AGDDGGGA  GAGC 25
E.c. tRNACys   p5'  GGCGCGU  UA·  ACA  AAGC-GGDDA  UGU  
E.c. tRNAGln p5'  UGGGGUA  UC·  GCC  AAGC-GGDAA  GGC  
S.c. tRNAPhe 26 G  CCAGA  CUGAAGA    Ψ  CUGG  A·GGUC 48
E.c. tRNACys A  GCGGA  ΨUGCAAA    Ψ  CCGU  C·U-AG
E.c. tRNAGln A  CCGGA  UUCUGAΨ    Ψ  CCGG  C·AUUC
S.c. tRNAPhe 49   CUGUG  TΨCGAUC  CACAG  ·  AAUUCGC  ACCA3' 76
E.c. tRNACys   UCCGG  TΨCGACU  CCGGA  ·  ACGCGCC  UCCA3'
E.c. tRNAGln   CGAGG  TΨCGAAU  CCUCG  ·  UACCCCA  GCCA3'
(b)
Structure
The previously determined crystal structure of yeast 
Phe-tRNAPhe in ternary complex with Thermus aquaticus
EF-Tu–GDPNP (Phe-TC) revealed the general picture of
any aa-tRNA–EF-Tu–GTP complex in any organism
[11,20]. The identified motifs in EF-Tu–GTP and aa-
tRNA responsible for the ternary complex formation
explained a vast number of biochemical and biophysical
observations. Further, it revealed the surprising concept of
‘macromolecular mimicry’ upon structural comparison with
the ribosomal translocase, elongation factor EF-G, which
shows a high similarity in the overall shape extending as far
as a tRNA mimic formed by three protein domains in EF-
G [11,21]. However, as a single representative, the general
description and understanding of the ternary complex were
to some extent limited. The tRNA molecules exhibit some
structural variations within the generally conserved frame-
work of secondary and tertiary structure, which first of all
define the different amino acid acceptor identities.
Further, the 20 different amino acid sidechains impose
another trivial variation in the structure of each aa-tRNA. 
Figure 1 shows alignments of EF-Tu/EF-1α as well as of
tRNA sequences. EF-Tu/EF-1α sequences are highly con-
served in all three domains of the protein. Undoubtedly,
the conservation in the three-dimensional structure must
be very strong. The molecular weight of T. aquaticus EF-
Tu is 44.6 kDa and comprises 405 amino acid residues.
The residue numbers throughout the text will refer to
this sequence [22]. 
Escherichia coli tRNACys contains a limited set of modified
bases: Pseudo-uridine (Ψ32, Ψ39, Ψ55), dihydrouridine
(D20, D21), 4-thiouridine (s4U8) and 2-methylthio-N6-iso-
pentenyl-adenosine (msiA37) [23,24]. The E. coli tRNACys
molecule contains only 74 nucleotides, and with respect to
the standard 76 nucleotides of yeast tRNAPhe, position 17
of the dihydrouridine loop (D loop) and position 47 of the
variable loop are missing. The dihydrouridine residues are
located in positions 20 and 21, following the conserved
nucleotides G18 and G19. The anticodon sequence is GCA,
which is one of the primary identity elements of tRNACys,
together with the discriminator base, U73 [25,26]. In addi-
tion, tRNACys contains an unusual G15:G48 ‘Levitt-pair’ as
well as an A13:A22 substitution of an ordinary base pair in
the D stem. These sequence motifs have been shown to
form identity elements in a complex context of the tertiary
structure rather than the traditional clover leaf structure
[27,28]. tRNACys is charged by a class I aaRS, in analogy
with tRNAGln, but in contrast to tRNAPhe, which is charged
by a class II aaRS [29].
This paper describes the structure determination of the
E. coli Cys-tRNACys ternary complex with T. aquaticus -
EFTu–GDPNP (Cys-TC) at a resolution of 2.6 Å. The
structure is that of an all eubacterial ternary complex,
which enables a more general description of the aa-tRNA
motif and its recognition by EF-Tu–GTP when com-
pared with the Phe-TC structure. Further, the determi-
nation of the E. coli Cys-tRNACys structure adds to the
generic understanding of tRNA tertiary structure based
on the nucleotide sequence. Since the crystal form used
for this study shows a very close macromolecular
packing, it allows an analysis of the RNA–RNA contacts
in the crystal which may hint at the structural character
of complex RNA–RNA interactions.
Results and discussion
Structure determination
The Cys-TC structure was determined by molecular
replacement using a search model derived from Phe-TC
and refined by iterative cycles of phase and model
refinement, map calculation and model adjustment (see
Materials and methods section). It is expected that most
ternary complexes can be successfully determined using
a similar scheme.
Overall structure and comparison with Phe-TC
A schematic representation of the structure of Cys-TC is
shown in Figure 2. All three domains of EF-Tu participate
in the formation of the Cys-tRNACys binding site in a
concerted fashion, whereas the tRNA component restricts
the interactions to the aa-tRNA motif, which consists of
the aminoacylated CCA end, the acceptor stem and the
T stem plus loop [20]. The CCA-Cys end of Cys-tRNACys
is docked into specific pockets in the β-barrel domain 2
of EF-Tu, which accommodates the terminal adenosine
and aminoacyl bond in a staggered conformation. The
sidechain of the cysteinyl group is located in a spacious
cavity between domains 1 and 2 of EF-Tu. The phospho-
rylated 5′ end is bound in a positively charged surface
depression at the intersection between all three domains
of EF-Tu–GTP. A stretch of the acceptor stem and CCA
end (nucleotide residues 1–3 and 73–75) is in contact with
the bulky moiety of the protruding ‘effector loop’ (switch I)
of domain 1 (amino acid residues 51 through 64) and the
N-terminal region of switch II (amino acid residues 83
through 100). Finally, one side of the backbone fold of the
T stem (nucleotide residues 50–54 and 63–67) forms a
large interface to the surface of the β-barrel domain 3. The
anticodon helix, formed by the D arm and the anticodon
arm, extends from the complex, which gives it a maximum
length of 115 Å.
This overall architecture of Cys-TC is identical to Phe-
TC as shown in Figure 3. Not surprisingly, the identical
T. aquaticus EF-Tu–GDPNP components found in both
structures are very similar (except for the four N-terminal
amino acid residues); however, the backbone of the tRNA
components do not superimpose exactly in an EF-Tu
based alignment, except for the aa-tRNA motif consisting
of the regions in direct contact with EF-Tu. The elbow
angle in the tRNA component is larger, being approximately
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100° in Cys-TC versus 90° in Phe-TC, yielding a relative
shift of the anticodon by approximately 10 Å.
The binding of the CCA-Cys moiety
As observed in the Phe-TC structure, Cys-tRNA is stabi-
lized with the aminoacyl group at the 3′ position and the
free 2′OH group participating in a hydrogen bond with
the carboxylate of the Glu271 sidechain (Figure 4). This
conserved residue is again stacked over the adenine base
of A76. However, the 2′OH group is further hydrogen
bonded to the mainchain amide of Arg274 the sidechain
of which bends over and forms a hydrogen bond to the
carbonyl group of the aminocyl bond. This is strikingly
different from Phe-TC, where the mainchain amide of
Arg274 forms the hydrogen bond to the carbonyl group
of the aminoacyl bond and the sidechain adopts a fully
extended conformation, interacting with the phosphate
of A76 (Figure 4). The differences in the aminoacyl
group sidechains probably favour slightly different con-
formations of the aminoacyl bond (as in peptide bonds),
which again modulates the interactions with the EF-Tu
motif. Also, the bulk volume of a large hydrophobic side-
chain, as in Phe-TC, may disfavour the close contact
with the Arg274 sidechain observed in Cys-TC. Unfortu-
nately, the carbonyl group of the aminoacyl bond cannot
be located as a distinct bulge in the electron density,
neither in Phe-TC nor in Cys-TC (in contrast to the amino
group); thus the precise geometry of the aminoacyl bond
cannot be described in detail, as it is still the result of a
structural refinement that is influenced by the input stereo-
chemical restraints.
The free amino group is hydrogen bonded by the main-
chain amide of His273 (donor) and the mainchain carbonyl
group of Asn285 (acceptor). A third, albeit weak, hydrogen
bond from the amino group to the carbonyl group of Glu271
was observed in Phe-TC, though it cannot form in Cys-TC
where the distance is more than 4 Å. Since the amino group
accepts a hydrogen bond from His273, it cannot be proto-
nated as an ammonium ion, as it would be in free solution.
Strikingly, the amino group has to be in the same neutral
state with a free electron pair prior to peptidyl transfer on
the ribosome. The neutral state of the free amino group will
decrease the electrophilic character of the central carbon
atom of the ester bond and thereby decrease the rate of
spontaneous hydrolysis. Thus, aminoacyl bond protection is
further improved, in addition to the sterical protection that
is obtained by the docking into the binding site in EF-Tu.
The cysteine sidechain occupies the same pocket as the
phenylalanine sidechain in Phe-TC (Figures 4). The sul-
phide is thus in van der Waals contact with the sidechains
of Asn285 and His67. Compared with Phe-TC, the side-
chain of Asn285 has moved to optimize the packing of the
aminoacyl sidechain. This will probably be the case for any
amino acid sidechain, as it was also suggested from model-
building studies of a Val-tRNA ternary complex [20].
The CCA end of Cys-TC participates in a crystal contact
that is probably stabilizing the removal of C75 from the
stacking to C74. Further, C74 forms hydrogen bonds to
Thr232 of EF-Tu (Figure 4). This contact alters the CCA
end from the smooth conformation observed in Phe-TC,
which we expect to be physiologically more relevant. A
close interaction of the U73 discriminator base with the
G1:C72 base pair in Cys-tRNA may also play a role in the
distortion of the CCA end structure in Cys-TC, however
(see later section).
The binding of the phosphorylated 5′ end and the acceptor
stem
The binding of the 5′ phosphate in Cys-TC is very similar to
that of Phe-TC, although the phosphate position is slightly
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Figure 2
Structural cartoon of the Cys-tRNACys–EF-Tu–GDPNP ternary
complex (PDB entry code 1b23). Colours refer to EF-Tu domains and
tRNA stem-loop segments: the EF-Tu domain 1 (1–216) is shown in
red with the GDPNP–Mg2+ cofactor in grey, domain 2 (217–312) is in
green and domain 3 (313–405) is in light blue. The Cys-tRNA
acceptor stem and the CCA end (1–9, 65–76) are shown in orange
with the attached cysteinyl group in violet. The D arm (10–25) is
shown in red, the anticodon arm (26–44) in green, the variable loop
(45–48) in violet, and the T arm (49–64) in yellow. This and following
figures (unless otherwise specified) were produced with the programs
MOLSCRIPT [62] and Raster3D [63,64].
shifted (1.0 Å according to the EF-Tu alignment). This has
easily been accommodated in the positively charged binding
pocket that is formed by the conserved amino acid side-
chains of Lys90 and Arg300 (from domains 1 and 2, respec-
tively). The sidechain of Lys90 is located between the 5′
phosphate and the subsequent phosphate group of G2, thus
acting as a long ranging counterion for both (Figure 5).
Arg300 interacts directly with the 5′ phosphate and with the
sidechain of Asp348 from domain 3 (not shown). 
The recognition of the acceptor stem shows a few note-
worthy differences when compared with Phe-TC. The
sidechain of Glu55 forms a hydrogen bond to the exocyclic
N2 of G1 (which is exposed in the minor groove) and Tyr88
is positioned with the plane perpendicular to the ribose
phosphodiester linkage between C2 and C3, hooked up by
a hydrogen bond to Arg59 (Figure 5). In Phe-TC, where a
G1:C72 base pair is indeed also present, Glu55 is directed
towards the ribose of position 2 and forms a hydrogen bond
to Arg59, whereas Tyr88 is positioned with the plane now
in parallel to the ribose ring of position 2, also with a hydro-
gen bond to Arg59. Arg59, which seems to be important in
the stabilization of this interaction site with the tRNA
backbone, is completely conserved. Glu55 is conserved in
eubacteria and archaebacteria and replaced by a conserved
alanine in eukaryotes. Tyr88 is conserved in eubacteria and
replaced by a conserved phenylalanine in archaebacteria
and eukaryotes. Thus in eukaryotes, and to some extent in
archaebacteria, the equivalent interaction site has a stronger
hydrophobic character.
Interestingly, a dithiotreitol (DTT) molecule was clearly
observed in an EF-Tu pocket opposite to U73 in a 2.9 Å
map derived from the data of crystal 1 (cryosoak contained
10 mM DTT; see Materials and methods). Hence, this
DTT molecule occupied the approximate position of a
base pair partner to U73. The binding pocket in question
in EF-Tu is formed by the sidechains of Asn64, Thr65,
Asn91, Thr94, Glu226 and Asp227. Thus, unexpectedly,
this observation yields a clue to the involvement of these
residues in the accommodation of the extra base pair (–1:73)
in the His-tRNAHis ternary complex with EF-Tu–GTP. In
the final 2.6 Å map derived from crystal 2 (no DTT in the
cryosoak) and in Phe-TC, this pocket is closed.
The T stem interface with domain 3
The large interface between the T stem helix and domain 3
is well resolved in the electron density (Figure 6). The
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Figure 3
Superposition of Phe-TC and Cys-TC based
on a structural alignment of the Cα positions
(5–405) in EF-Tu, which yields an rmsd of
0.50 Å. Cys-TC is shown as a thick white
trace and Phe-TC as a thin black trace of Cα
and P atoms. The tRNA molecules
superimpose well in the aa-tRNA motif that
interacts directly with EF-Tu. The figure on the
right is rotated approximately 90° around a
vertical axis compared to the figure on the left.
Cys-TC
Phe-TC
Structure
interface comprises a large network of both polar and
hydrophobic interactions that interacts with the backbone
of the tRNA residues 50–54 and 63–67. 
Positions 63 and 64 of the T stem in tRNA have been
suggested as a center for the identity of prokaryotic
tRNASec and several eukaryotic initiator tRNAs, which
prevent these tRNAs from forming a ternary complex
with EF-Tu–GTP and thus interfere with the ordinary
elongation cycle [16,20,30,31]. The 390-EGGR-393
segment of EF-Tu, which is a kingdom-specific loop
motif in eubacteria, archaebacteria (DMG[M/Q/K]) and
eukaryotes (DMRQ) and which is flanked by several
completely conserved residues, forms a close contact to
the residues G63 and G64 of the T stem. Glu390 has its
sidechain positioned in the minor groove, hydrogen
bonded to N2 of G63. Hydrogen bonds are formed to the
2′OH groups of G63 and G64 by the mainchain carbonyl
and amide of Gly391, respectively, which establishes a
rigid protein mainchain–RNA backbone contact. Further,
the phosphate of G64 forms a long-ranging contact to the
sidechain of the conserved Asp87, as does the phosphate
of C3 from the other side of the major groove. These inti-
mate interactions clearly support the suggestion that spe-
cific variations in the backbone structure around positions
63 and 64 of initiator and selenocysteinyl-tRNA (by spe-
cific tRNA sequence motifs or post-transcriptional modi-
fications) may have a large effect on the EF-Tu affinity. 
As can be seen from the kingdom-specific motifs, the
archaebacterial and eukaryotic EF-1α molecules will form
even closer packing around residue 64 in tRNA by the
introduction of bulky sidechains instead of the two con-
secutive glycines observed in eubacterial EF-Tu.
The Cys-tRNACys structure
The Cys-TC structure enables an almost complete descrip-
tion of the E. coli tRNACys molecule in the naturally modi-
fied state. We anticipate that tRNA structures solved as
ternary complexes with EF-Tu are good representatives of
tRNA structures in general, including their free form.
The overall structure of tRNACys has the canonical L shape,
although with a large elbow angle (approximately 100°).
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Figure 4
Stereoview comparison of (a) the 3′ Cys
binding in Cys-TC with (b) the 3′ Phe binding
in Phe-TC. The same primary motif in EF-Tu
recognizes the aminoacyl moiety in slightly
different ways (see text for details). Colour
codes refer to those established in Figure 2.
This angle expansion may be caused by crystal packing
effects (see later section), although it may also reflect an
intrinsic property of the tRNACys molecule, which is defined
by the specific tertiary interactions. The elbow region in
the Cys-tRNACys structure is displayed in Figure 7 together
with a schematic clover leaf diagram.
The base stacking through the entire anticodon helix (D
arm and anticodon arm) begins with U60, as in most other
tRNA molecules. Apparently, the 2′OH of U60 accepts a
hydrogen bond from C2 of A58. Stacked below, C16 forms a
symmetrical pyrimidine–pyrimidine pair with C59. Hydro-
gen bonds are formed between the exocyclic O2 and N4
and the pyrimidine pair must be protonated to allow the
close contact of the endocyclic N3 atoms. Pyrimidine pairs
(or pairs including dihydrouridine) between position 16 and
59 are observed in yeast tRNAPhe [13] and tRNAAsp [18].
However, E. coli tRNAGln and Thermus thermophilus tRNASer
have an adenine base at position 59, which sterically
excludes the base of position 16 (cytosine in both cases)
from the base stacked core [17,32]. In such a case, the base
of position 16 is kept in a solvent-exposed conformation.
Interestingly, this exposed base of tRNAGln is recognized
by GlnRS [33]. The close distance of the phosphoribose
backbones, which will allow only pyrimidine–pyrimidine
base pairs to form between positions 16 and 59, is defined
by several conserved interactions in the TΨC loop.
The next base pair in the base stacked core, which is the
generally conserved ‘Levitt base pair’ between positions 15
and 48, is replaced by a unique G15:G48 pair in tRNACys.
The endocyclic N1 and the exocyclic N2 of G48 donate
hydrogen bonds to the exocyclic O6 of G15. A G:G base pair
in an identical geometry is observed in the crystal structure
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Figure 5
Association of the tRNA acceptor stem to the
GTPase switch regions I and II in EF-Tu
(represented by residues 46–65 and 82–98,
respectively) as observed in (a) Cys-TC and
(b) Phe-TC. Colour codes are as described in
Figure 2.
of a 5S ribosomal RNA fragment, where it is further stabi-
lized by a water molecule [34]. The G15:G48 pair exposes
the N2-N3 side of G15 and the O6-N7 side of G48 to the
solvent-accessible surface. This geometry of the G15:G48
base pair in E. coli tRNACys is not in direct agreement
with chemical probing using kethoxal and dimethyl-
sulphate, from which it was suggested that a symmetrical
pair is formed with N2-N3 hydrogen bonds [35].
The 3′ terminal half of the D loop (following the con-
served G18 and G19) contains two fully exposed dihydro-
uridines, D20 and D21. Equally, U45 of the variable loop
is bulged with the base exposed to the solvent. 
Two A-rich triples, s4U8:A14:A46 and A9:A13:A22, follow
the G15:G48 pair. The conserved s4U8:A14 pair interacts
with A46 from the variable loop. Apparently, a C2–O2
hydrogen bond is formed between A46 and s4U8, together
with an N6–N2 hydrogen bond between A14 and A46.
Further, N6 of A46 interacts with the phosphate of A22.
Thus, this triple forms a complex core in the tRNACys struc-
ture. The involvement of A46 in a base triple with s4U8 and
A14 is so far unique to the tRNACys structure. The approxi-
mate position of the base is occupied by A21 from the
D loop in all other available tRNA structures. However, this
is likely to be a common feature of tRNA molecules with a
dihydrouridine in position 21, which is then effectively dis-
favoured in base stacking due to the nonaromatic character.
Some confusion may arise from yeast tRNAAsp, where G19
is followed by a dihydrouridine and a cytidine. One of these
residues should be regarded as an insert in this numbering
scheme, however, as the third following adenosine, A22,
corresponds to A21 in other tRNA structures. 
The A9:A13:A22 base triple has some resemblance with
the G9:G13:A22 triple observed in T. thermophilus tRNASer
[32]. The subsequent A12:U23 base pair of the D stem is
associated to this triple by a close contact to A9, which has
its base plane tilted relative to A13 and A22. Consequently,
the A12:U23 base pair, which initiates the D stem helix
that extends from the elbow region, is distorted, and only
one of the hydrogen bonds seems to form (N3 of U23 to
N1 of A12). Even the following C11:G24 base pair is influ-
enced by A9, as the exocyclic N4 of C11 donates a hydro-
gen bond to the 2′OH of A9. Altogether, A9 seems to play
an important role in the tRNACys structure, and it may
have a dominating influence on the conformational space
of the elbow angle. 
Following the final A10:U25 base pair of the D stem, an
A26:C44 pair leads into the anticodon stem, as also observed
in E. coli tRNAGln [17]. Further, the anticodon stem con-
sists of the base pairs G27:U43 through A31:Ψ39, and the
anticodon loop (Ψ32 through A38) is in the ordinary 3′
stacked conformation with a U-turn at U33. The local struc-
ture of the entire anticodon arm of Cys-tRNACys (G27
through U43) is very similar to tRNAPhe (Figure 3) and the
17 phosphorous atoms superimpose with a root mean square
deviation (rmsd) of 1.0 Å. The 2-methylthio modification
of msiA37 is visible in the electron density, albeit weakly,
whereas the N6-isopentenylation is apparently missing. It
has only been stereochemically modelled into the ‘minor
groove’ of the anticodon loop. These modifications were
observed to be only partially present when the sequence of
the tRNACys molecule was determined [23].
In the acceptor helix, the U73 discriminator base apparently
forms a nonparallel stacking with the G1:C72 base pair
(Figures 2 and 5). Unfortunately, some uncertainty resides
in the electron density that appears rather poorly resolved
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Figure 6
Sections of the final 2Fo–Fc electron-density map displayed at the 1.0σ
level. The map was calculated at 40–2.6 Å resolution using data
corrected for bulk-solvent contribution and scaled with anisotropic 
B-factor tensors (see Materials and methods section). (a) The electron
density around the cysteinyl group. (b) Close interaction between the
backbone around the Cys-tRNA residue G64 and a conserved loop in
domain 3 of EF-Tu. The figure was produced with the program O [48].
in that specific region, indicative of structural flexibility.
Consequently, the distorted appearance of the first three
base pairs in the acceptor stem should be regarded with
caution. The U73 discriminator base is known to destabi-
lize a G1:C72 base pair from studies of E. coli initiator
tRNA and tRNA microhelices [36,37] and this may partially
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Figure 7
Focus on the tertiary interactions in the E. coli
Cys-tRNACys molecule by (a) a stereographic
representation and (b) a schematic clover leaf
diagram. Residue numbers refer to the yeast
tRNAPhe standard, thus residues 17 and 47
are missing (see Figure 1b). The acceptor
stem has been omitted from (a) for clarity and
the schematic diagram in (b) includes only the
base–base interactions. Further, the variable
loop in (b) has been wrapped into the clover
leaf center to indicate the unique role of A46
in the tertiary interactions. Colour codes are
as in Figure 2. Part (b) was produced using
‘The Gimp’ (http://www.gimp.org).
explain the poorly resolved density and the rather altered
conformation of the CCA end. Recent studies of the circu-
larization rate of E. coli tRNACys by T4 RNA ligase have
also indicated that the CCA end is indeed significantly
affected by the U73 discriminator base [38].
Intermolecular tRNA–tRNA contacts derived from the
crystal packing
The very close packing and the F222 symmetry of the unit
cell (with 16 asymmetric units) results in a large number of
macromolecular contacts in the Cys-TC crystal. Strikingly,
they are all different from the Phe-TC crystal, despite the
very similar conditions for crystal growth and the appar-
ent overall similarity. Besides demonstrating an impres-
sive multitude of packing modes, which encourages the
use of ternary complexes as a general tool for the determi-
nation of tRNA and tRNA-like structures, it provides inter-
esting information in the study of complex RNA–RNA
contacts. The Cys-tRNACys molecule forms crystal con-
tacts to three other tRNACys molecules in the unit cell, all
mediated by the crystallographic twofold axes. These are a
helix–helix packing of the acceptor stem helices, a triple
loop contact between the D loop–T loop corner and the
single stranded D20–D21 segment of the D loop, and
finally a base paired loop–loop contact (‘kissing complex’)
of the anticodon loops (Figure 8). 
The helix–helix interaction of the acceptor stems is a
packing of two minor grooves against each other and it is
mediated almost exclusively by van der Waals interactions
between the phosphoribose backbones. No hydrogen bonds
are observed, except to a few solvent molecules. Compar-
ison of this crystal packing motif in the two Cys-TC crystals
used in the structure determination reveals a considerable
shift that leads to changes in the atomic contacts and that
indicates that this apolar packing of RNA helices is unstable.
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Figure 8
The ‘kissing complex’ of the anticodon loops,
which is part of the close crystal packing in
Cys-TC. The number of base pairs involved —
in this case only two — has a substantial
impact on the overall shape of the
quasicontinuous helix. Residues of the
symmetry-related molecule are marked with
an asterisk.
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It is probably the major source of the anisotropy in this
crystal form (see Materials and methods section).
Further, the conserved G19:C56 base pair between the
D loop and the T loop participates in intermolecular
pseudo-stacking to the exposed (but nonaromatic) dihydro-
uridines D20 and D21, which results in a triple loop inter-
action, further stabilized by a few intermolecular hydrogen
bonds. The G19:C56 base pair is quite distorted from copla-
narity by 30° bending and 30° twisting, which nevertheless
maintains all three hydrogen bonds of this conserved G:C
pair in near-optimal distance and geometry.
The ‘kissing complex’ contact between the anticodon loops
results from intermolecular base pairing of G34 and C35 of
the anticodon (Figure 8). This short duplex is flanked by
stacking on either side with A36, which links into the con-
tinued stacking of the anticodon helices. As a result, the
joint anticodon helices appear as one very long base-paired
segment spanning almost 87 Å (D stem, anticodon stem,
loop–loop duplex, anticodon stem, D stem). A crystal form
of yeast tRNAAsp shows a very similar anticodon loop
pairing, although with all three bases (G34, U35 and C36) of
the anticodon involved [15]. Also, the ‘kissing complex’ of
the HIV-2 TAR hairpin loop with a complementary hairpin
loop (with six intermolecular base pairs) was observed to
form a quasicontinuous helix [39]. In general, these three
‘kissing complexes’ have formed by similar means and
reveal the formation of a long quasicontinuous helix. Their
overall shapes with grooves and backbone patterns are very
different, however, because of the relative rotation of the
two stem-loop partners. This observation demonstrates the
great potential of this RNA motif in the formation of spe-
cific recognition sites for other macromolecules.
Biological implications
The ternary complex (TC) of elongation factor Tu (EF-
Tu), GTP and aminoacylated tRNA (aa-tRNA) is a
central agent in the protein synthesis performed on the
ribosomes of every living cell. The complex protects the
aminoacyl ester bond from hydrolysis. Furthermore, it
catalyses the correct placement of aa-tRNA into the A
site of the ribosome according to the cognate codon–anti-
codon interaction of mRNA and tRNA. The crystal
structure of Cys-tRNACys in ternary complex with EF-
Tu and a GTP analogue (Cys-TC) has been determined
and provides a general understanding of the selection
process by which EF-Tu–GTP associates with any elon-
gator aminoacyl-tRNA (aa-tRNA) and yet discriminates
against deacylated tRNA, initiator tRNA and seleno-
cysteine-specific tRNA. In comparison with the pre-
viously determined structure of Phe-tRNAPhe–EF-Tu–
GDPNP (Phe-TC), some variation is observed in the
exact recognition of the aminoacyl bond, which is proba-
bly related to the difference in the aminoacyl sidechain.
Further differences within the tRNA component are
also accommodated by the binding to EF-Tu. Hence, the
overall structure is conserved and all interactions between
EF-Tu–GDPNP and any of the two aa-tRNA compo-
nents involve the same primary motifs. We conclude
that observations concerning ternary complexes in any
organism or organelle can be related to the known Phe-
TC and Cys-TC structures. 
A detailed analysis of the two structures indicates that
the aminoacyl bond in aa-tRNA is protected against
spontaneous hydrolysis by general solvent abstraction
and stabilization of the free amino group in a neutral
state. Positions 63 and 64 in the T stem of aa-tRNA are
recognized by rigid backbone to mainchain interactions
with EF-Tu, and these may be important for the dis-
crimination against initiator tRNA and selenocysteine-
specific tRNA. 
The structure of the Cys-tRNACys component reveals
new rules for the tertiary structure of tRNA. The base
pair between positions 16 and 59 requires pyrimidine
bases, and the presence of a dihydrouridine in position 21
has swapped the generally observed U8:A14:A21 base
triple for a unique U8:A14:A46 triple. A G15:G48 ‘Levitt
pair’ adopts the same conformation as the G:G base pair
in a helix. The base pairs of the D stem are perturbed by
A9, which may be another key residue in tRNACys.
Materials and methods
Purification of E. coli tRNACys and T. aquaticus EF-Tu
The E. coli tRNACys was purified from E. coli cell paste (T Kruse,
G Siboska and BFC Clark, unpublished data). The crude tRNA material
had been stored for approximately 12 years and the purified tRNACys
for another ten years, yet it had retained a high cysteinyl acceptor activ-
ity (exceeding 1200 pmol/OD260 according to the yield of ternary
complex obtained after aminoacylation) and it appeared pure as judged
by silver-stained SDS–PAGE.
T. aquaticus EF-Tu was overexpressed in E. coli [22]. The cell paste
was disrupted in a French pressure cell and subjected to S30 and
S100 centrifugation followed by heat denaturation (10 min, 65°C). The
thermostable T. aquaticus EF-Tu protein was further isolated from the
soluble fraction by anion exchange and gel filtration chromatography.
The protein was transformed to the GDPNP-bound form by complete
digestion of GDP with soluble bovine alkaline phosphatase (Böhringer,
Germany), essentially as described [40]. The EF-Tu–GDPNP complex
was finally purified by anion exchange HPLC.
Formation and purification of Cys-TC
A 500 µl reaction mixture consisting of 40–60 nmol tRNACys (20–30
OD260 units), 20 mM Tris-HCl (pH 7.6), 20 mM KCl, 10 mM MgCl2,
10 mM DTT, 2 mM ATP, 0.5 mM cysteine and 25 nM CysRS was incu-
bated for 15 min at 37°C. EF-Tu–GDPNP was added and the mixture
was incubated for another 10 min at 37°C and then put on ice. Ammo-
nium sulphate (AS) was gently added to 1.35 M and the sample was
left on ice for 30 min and then centrifuged in a desk-top centrifuge
(11000 rpm, 5 min). The cleared reaction mixture was subjected to
hydrophobic interaction chromatography (HIC) using a TSK-Phenyl
PW5 HPLC column (TosoHaas) eluted at 0.6 ml/min in a back gradient
from 1.25 M to 10 mM AS in 50 mM Tris-HCl (pH 7.2), 10 mM MgCl2,
2.0 mM DTT, 0.5 mM NaN3 and 50 µM PMSF (36 ml total). Free tRNA
was not retained by the column whereas Cys-TC eluted in a well-defined
peak at 0.74 M AS. A tail would follow the Cys-TC peak if uncomplexed
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EF-Tu was present and the Cys-TC peak was sampled in three consec-
utive fractions, which were used separately for crystallization. AS was
gently added at 2.65 M to the fractions, which were left for precipita-
tion on ice. After centrifugation, the pellet was redissolved in a crystal-
lization buffer consisting of 20 mM Tris-MES, 1.25 M AS, 10 mM DTT,
7 mM MgCl2, 1 mM GDPNP, 0.5 mM NaN3 (final pH 6.8) at a concen-
tration of 8–10 mg Cys-TC per ml. The final yield was approximately
75% with respect to EF-Tu–GDPNP, which was significantly higher
than in earlier protocols using HPLC gelfiltration and reverse extraction
in AS-containing solutions [41].
Crystallization of Cys-TC
Based on the observation that the labile ternary complex is extraordi-
narily well stabilized in solutions containing high concentrations of AS
[41–43], crystallization screens were limited to that precipitant. Crystal-
lization was performed by vapour diffusion at 4°C in 5–10 µl hanging
drops. Single crystals were grown upon equilibration against reservoirs
containing 2.02–2.06 M AS, pH 6.7. Only rarely, crystals appeared
spontaneously, and in most cases nucleation was obtained by streak
seeding. The crystals had a triangular pyramidal shape with rounded
edges and grew within three weeks to maximum dimensions of 120 ×
100 × 80 µm. They showed very strong deflection of polarized light
compared with their size, and a hard and very dense character.
The purity of the Cys-TC batch with respect to even very small amounts
of free EF-Tu appeared to be critical for single crystal growth. Other-
wise, no apparent improvements in crystal quality or size was obtained
by various changes in the purification or crystallization protocol.
Data collection
Data collection was performed at 100K at the DESY synchrotron
facilities, EMBL station X-11. Crystals had been harvested and stabi-
lized in a Cys-TC free buffer consisting of 35 mM Tris-MES, 2.23 M AS,
10 mM MgCl2, 0.5 mM NaN3 and 0.5 mM GDPNP (final pH 6.7) and
were gradually soaked at room temperature in 22% (w/v) trehalose or
sucrose in that buffer. Loop-mounted crystals were flash frozen in the
100K nitrogen stream of the cryostat. Two datasets were collected
from single crystals on a Mar Research 30 cm image plate, and they
were processed and scaled with DENZO and SCALEPACK [44].
Table 1 shows the characteristic features of the data collection and of
the two datasets. 
The diffraction was highly anisotropic. A maximum resolution beyond
2.5 Å was observed, although along h the diffraction ceased at approxi-
mately 3.2 Å resolution. This was also the case for nonfrozen crystals
mounted directly from mother liquor. 
Structure factor amplitudes were calculated with TRUNCATE [45]
using Wilson scaling based on the observed reflections in the
3.2–2.9 Å or 3.0–2.6 Å range (crystals 1 and 2, respectively). This
procedure was evidently biased by the anisotropic contributions to
the Wilson plot.
Structure determination
A simple comparison of the molecular weight of Cys-TC (about 70 kDa)
with the volume of the unit cell revealed that only one complex per
asymmetric unit would be possible according to the range derived by
Matthews [46]. The ratio of volume to macromolecular mass (Vm) of
2.4 Å3/Da and a solvent content of approximately 43% correspond to
normal values for globular proteins, yet these are surprisingly low
values for an extended protein–RNA complex like the ternary complex.
In comparison, the Phe-TC crystals contain approximately 66% solvent
and exhibit a Vm value of 3.7 Å3/Da.
The structure was solved by molecular replacement (MR) with the
AMORE package [47] and using the data from crystal 1 (Table 1). A
search model was constructed from Phe-TC (EF-Tu, aa 9–405;
Phe-tRNA, nt 1–8, 49–76). The rotation function was calculated
using a Patterson search radius of 35 Å and data in the resolution
range 15.0–4.5 Å. This gave one clear solution with a Patterson corre-
lation value of 21.9% (next highest solution: 14.0%) at (α,β,γ) = (41.25,
79.18, 25.64). The translation function gave an equally clear solution at
(Tx, Ty, Tz) = (0.0899, 0.1235, 0.1755) with a Patterson correlation
value of 52.9% (next highest solution: 23.2%) and an R-factor of
46.1%. Rigid body refinement of the solution converged at an R-factor
of 42.4% and a Patterson Correlation value of 62.4% using the
15.0–4.5 Å data. 
Analysis of the MR solution in O [48] revealed a consistent crystal
packing. A 3Fo–2Fc electron-density map was calculated on the MR
solution at 40.0–3.5 Å resolution with the GDPNP co-factor omitted [49]
and characteristic density was generated for this co-factor and excluded
regions of the tRNA model as another control of the MR solution.
Model building and refinement
The MR model was extended with an anticodon helix derived from
tRNAPhe and was manually adjusted in O to match the MR-calculated
map and to minimize any overlap in the crystal packing. Loop regions of
the tRNA as well as the N-terminal of EF-Tu were expected to adopt
unique conformations in Cys-TC and were excluded. This initial model,
comprising the amino acids 9–405 of EF-Tu and the nucleotides 1–8,
12–19, 24–31, 39–45 and 49–76 of the Cys-tRNA component, was
subjected to rigid-body refinement and positional refinement using the
TNT program [49]. A randomly selected subset of the reflections was
excluded and used for the free R-factor calculation [50].
Phase modification by solvent flattening and histogram matching was
applied using DM [51] and a resulting 2Fo–Fc electron-density map cal-
culated at 40.0–3.2 Å resolution showed significant improvements. In
particular, the EF-Tu–GDPNP structure matched the calculated density
well in most regions. Further, extensive rebuilding of the tRNA structure
and a consistent assignment and incorporation of the E. coli tRNACys
sequence were possible using O [48]. The phosphate positions and the
base plane orientations were evident from the density in most cases.
The model was subjected to successive cycles of refinement and
model building. At this stage, the data from crystal 2 became available,
which critically improved the refinement. Torsion angle refinement [52]
in the primary cycle followed by conventional simulated annealing (from
1000 or 2000K) and energy minimization [53,54] as implemented in
X-PLOR was used in combination with anisotropic B-factor scaling,
bulk solvent correction [55] and restrained individual B-factor refine-
ment using the 10–2.6 Å data. In later stages, no improvements were
obtained by molecular dynamics and the refinement of rebuilt models
was limited to energy minimization. Anisotropic B-factor scaling and
B-factor refinement will progressively couple; thus, an overall B-factor
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Table 1
Data collection on Cys-tRNACys–EF-Tu–GDPNP crystals.
Data sets Crystal 1 Crystal 2
Space group F222 F222
Cell dimensions (Å)
a 129.4 126.8
b 133.4 133.0
c 155.1 154.9
Mosaicity (°) 0.4 1.0
Wavelength (Å) 0.9122 0.9091
Resolution (Å) 40–2.9 40–2.6
Measured reflections 59,803 67,670
Unique reflections 15,112 18,103
< I>/<σI>* 12.1 (2.4) 18.1 (2.6)
Rsym (%)† 7.0 (35.1) 6.8 (32.7)
Completeness (%) 92.3 (76.5) 89.0 (55.1)
*< I > = average I, <σI> = average error. †Rsym = ∑(Iobs–<I>)2/∑ Iobs2.
shift, calculated against the raw data, was applied to every refined
model, prior to the bulk solvent correction and anisotropic scaling,
which also served to monitor the free R-factor against the raw data.
The bulk solvent correction was calculated with the 40.0–2.6 Å data
(no σ-cutoff) and with the mask described by a 1.6 Å probe sphere
radius in earlier stages and by a 1.0 Å radius in later stages. Individual
B-factors were refined at 10–2.6 Å resolution with the bulk solvent cor-
rected data. Anisotropic scale factors were applied to all data and were
derived from the 6.0–2.85 Å data (2σ cutoff) in the earlier stages, and
from the 4.0–2.6 Å data (no σ cutoff) in the later stages. The use of the
4.0–2.6 Å range was not based on Rfree (which trivially decreases
when lower resolution terms are included) but rather on the observa-
tion that scale factors derived from this range resulted in the best elec-
tron density maps with the highest signal-to-noise contrast. Evidently,
the incomplete data bins in the 2.85–2.6 Å range biased the estimate
of the anisotropy, but probably towards a safe underestimate. Prior to
map calculations, individual B-factors were refined at 10–2.6 Å resolu-
tion against the anisotropically scaled and solvent corrected data. Typi-
cally, Rfree dropped by 8–9% upon bulk solvent correction, anisotropic
scaling and individual B-factor refinement. Maps were calculated at
40.0–2.6 Å resolution employing σA weighting [56]. Several water mol-
ecules were identified in the very narrow solvent channels and cavities
of the crystal, and their inclusion in the structure improved Rfree by more
than 5% altogether, and resulted in considerably improved electron
density maps, which prompted independent model adjustments. A
summary of the refined model statistics is shown in Table 2.
In the final model, all amino acid and nucleotide residues as well as the
Mg2+–GDPNP cofactor, 262 water molecules and two sulphate ions
have been included, and appear in the 2Fo–Fc map. Only the isopentenyl
group of msiA37 cannot be located, and it is probably not present in our
Cys-tRNA batch. Due to the modest data resolution, the geometry is
strongly idealized to the input parameter restraints [57,58]. Parameters
for the modified bases and the cysteinyl group were derived from similar
structures of the Cambridge Crystal Structure Database [59]. 
Accession numbers
Coordinates are available at the Brookhaven Protein Data Bank with
entry code 1b23.
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